The overall mass balance of an electrochemical reactor is a key factor in determining the economic potential of a process. We provide a method to estimate the overall mass balance and electrolyte composition of electrochemical conversion systems and apply it to several CO 2 conversion systems. Next to the reactions at the electrodes, the influence of transport across the membrane and homogeneous reactions are considered. It is thereby shown that potassium bicarbonate e an often proposed electrolyte for aqueous CO 2 reduction -does not provide the conditions required for CO 2 conversion to formic acid. The requirements for an electrolyte that does result in that conversion are described. The simplicity and versatility of the simplified method and the necessity of establishing a complete mass balance make the method a valuable addition to the electrochemist's toolbox.
Introduction
The increase of renewable electricity penetration into the world energy mix stimulates the development of electrochemical synthesis and storage methods [1, 2] . In particular, the electrochemical reduction of carbon dioxide to organic compounds is claimed to show great promise for storage of renewable electricity in a medium of high energy-density [3] . Significant efforts are dedicated to the development of electrocatalysts for the CO 2 reduction reaction (CO2RR) and to studies on effects of reaction conditions such as the composition, pressure and temperature of the electrolyte [4e6] .
Sustainable commercial operation requires favorable process economics, which are largely determined by the overall material balance, energy balance and capital investment. Formic acid and CO are identified as potential economically viable products that can be produced with high rate and selectivity [6e10]. However, many economic analyses do not present a full mass balance, but base their analysis on a simple addition of the half reactions [7e9] . That disregards potential consecutive reactions of reaction products and intermediates. In this work, we perform a structured analysis of the overall mass balance for electrochemical CO 2 reduction to formic acid. We discuss the non-trivial question: What is the overall mass balance?
Aqueous KHCO 3 solution is a representative catholyte for studies towards the CO2RR. The presence of bicarbonate (HCO 3 À ) ions enhances the CO2RR and provides a pH buffer [4, 6, 11] . In a CO 2 saturated KHCO 3 solution, CO 2 , bicarbonate and carbonate species are in equilibrium. Nearly all recent research focused on the CO2RR, including scale-up attempts [12e17] , is conducted in electrochemical cells that are divided by ion-exchange membranes [4, 11, 18] . The majority of CO2RR research is solely dedicated to the study of cathode and catholyte [4, 6, 19, 20] . However, ion transfer across the membrane may shift the carbonaceous equilibrium and affect catholyte composition, pH and CO 2 consumption, which in turn may have an effect on the electrochemistry at the electrode. Therefore, we explore the effect of basic operating parameters (current and electrolyte flow), and membrane and anolyte choice on the composition of the catholyte, pH, CO 2 conversion and overall balance.
Overall mass balance
As a minimum requirement, an electrochemical reactor must have a mass balance that provides favorable economics when all reactor elements perform ideally. Therefore, the mass balance under ideal performance is best evaluated prior to scale up attempts, as its derivation does not require any experimental data and the results are required for determining the economic potential of a process. We will discuss a thought-experiment in which we consider a hypothetic ideal electrochemical reactor that has 100% Faraday efficiency (FE) at both electrodes and a 100% charge selective cation exchange membrane. The hypothetic reactor is aimed at the conversion of carbon dioxide to formic acid. The catholyte and anolyte respectively consist of aqueous solutions of KHCO 3 and H 2 SO 4 , similar to some reactor designs used in literature [16, 21] . At the cathode, reduction of CO 2 with protons to formic acid is considered (1), which is the targeted reaction in many recent publications [22e25] . For the anodic reaction, the oxygen evolution reaction (2) is selected. Fig. 1 provides a schematic overview of the reactor.
Cathodic reaction : CO 2 þ 2 H þ þ 2 e À /HCOOH
(1)
Anodic reaction :
Initially we consider batch operation for both liquid electrolyte phases, which describes a typical H-type electrochemical cell. The catholyte is assumed to be in constant equilibrium with pure gaseous CO 2 at 1 bar. Any (gaseous) oxygen produced at the anode flows freely out of the reactor and does not accumulate. The respective electrolytes are assumed to be ideally mixed and no mass transport limitations are present. Therefore, no concentration gradients are present in the fluid phases. Accumulation of (mobile) ions in the membrane is neglected. Therefore, species transferred across the membrane are directly available for reactions. This approach regards all balances as quasi-stationary.
First, the catholyte of the thought-experiment is considered, shown as the solid blue box in Fig. 2 . At t > 0, sufficient potential is applied for the cathodic reaction (1) to occur. Due to the reaction, CO 2 and protons are consumed and formic acid is produced. Simultaneously, an influx of electrons into the reaction products occurs at the cathode (3). For clarity, electron flux from/to an electrode and transfer of species across the membrane are shown between square brackets throughout this publication. To satisfy the charge balance, protons transfer across the CEM to the catholyte (4).
Transport : ½2 e À cathode /½2 e À catholyte ðin reaction productsÞ
Homogenous acid-base reactions must be considered. First, consider the reactants of the cathodic reaction. CO 2 consumed in the cathode reaction is immediately resupplied from the gas phase and has no effect on the catholyte composition. The cathodic reaction also consumes two protons, which are resupplied by transfer across the membrane. Second, consider the product of the cathodic reaction. Formic acid has a pK a value of 3.75 whereas bicarbonate has pK a values of 6.35 and 10.33 [26] . Therefore, the formic acid reacts with the bicarbonate via acid base reaction (5) , to produce formate, water and CO 2 . Note that reaction (5) is the sum of several acid-base reaction steps, shown as reactions (5a-5c). The formed CO 2 will transfer to the gas phase, as gas-liquid equilibrium is assumed. Catholyte acid À base reaction:
Addition of all reactions in the catholyte (1, 5) and transports to the catholyte (3, 4) , yield the catholyte balance (6) . Species not between square brackets can be observed in the catholyte. Species that are between brackets were transported into the catholyte and immediately consumed, hence are not observed as such in the catholyte. The reaction of formic acid with bicarbonate to formate, CO 2 and water results in the overall conversion of bicarbonate to formate, as illustrated by Fig. 3 .
Next, we consider the balance over the anolyte. In the anodic reaction (2), water is consumed and oxygen, protons and electrons are produced. Simultaneous with the anodic reaction, electrons flow from reactants in the anolyte, into the anode (7) .
Consequently, to satisfy the charge balance, protons are transported from the anolyte to the catholyte (4) . Oxygen transfers to the gas phase and no acid-base reactions occurs. The anolyte balance is shown as reaction equation (9), which is the sum of all reactions in and transports into the anolyte (2, 4, 7 and 8). Considering the balances over the catholyte (6) and anolyte (9) separately, water is produced in the catholyte and consumed from the anolyte. Therefore, there is net water transport from anolyte to catholyte, but this is not reflected in the overall cell balance (10) (the sum of equations (6) and (9)). Anolyte, catholyte and overall balances must all be evaluated to identify internal transports and overall conversion.
Transport : ½2 e À anolyte ðin reagentsÞ /½2 e À anode
Anolyte acid-base reaction: -
Anolyte balance :
Overall cell balance :
Now assume that the hypothetical batch reactor initially contains 1 mol/L KHCO 3 solution. When all bicarbonate is consumed, acid-base reaction (5) can no longer occur. If the cathodic reaction is continued, the produced formic acid is not able to participate in acid-base reactions any more (formic acid is not acidic enough to protonate water in significant amounts). When no bicarbonate is present, the catholyte balance will therefore be the addition of reaction 1 and equations (3) and (4), shown as equation (11) . The overall balance is shown as equation (12) .
Catholyte balance:
Overall cell balance:
Overall balance (10) shows that a CO 2 electrolyzer using acidic anolyte, a cation exchange membrane and a CO 2 þ bicarbonate catholyte does not actually convert CO 2 to formate, due to the acidbase reactions that occur. The actual overall reactant is bicarbonate, Orange arrow: Electrochemical reaction. Blue arrow: Acid-base reaction. CO 2 reacts with protons and electrons to formic acid. In a consecutive homogenous reaction, CO 2 is produced in the acid-base reaction of formic acid with bicarbonate. Therefore, there is no overall CO 2 conversion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) instead of CO 2 . However, when no (more) bicarbonate is present, that same set-up allows for the net production of formic acid from CO 2 in a formate/formic acid catholyte, as described by overall cell balance 12. Several studies reporting on the conversion of CO 2 to formic acid/formate under inappropriate conditions [16, 21, 27] , are actually studying the overall conversion of their supporting electrolyte: potassium/sodium bicarbonate.
Simplified method for mass balance evaluation
In the previous section, an overall cell balance was derived in several steps, which are summarized in Table 1 . To estimate the mass balance without the need for detailed calculations, several assumptions can be made, also summarized in Table 1 . The relevant steps and assumptions can be applied to any reactor, which yields an estimate of the overall cell balance, electrolyte balances and internal transports. From here on, this is referred to as the simplified method. To derive a more detailed mass balance, assumptions can be replaced with an appropriate mathematical description. Thereby the simplified method provides guidance for detailed modelling.
Three steps require some elaboration. 1) For identification of the charge carrier, it holds that higher concentration and ion mobility increase the contribution of an ionic species to the ionic current [28] . This is especially relevant to some studies that employ a Nafion™ proton exchange membrane (PEM) and assume that it only conducts protons, even when the anolyte is highly alkaline [17, 29] . However, a Nafion™ PEM is a type of CEM (although optimised for proton transport) and will transport other cations (e.g. K þ ) when proton availability is too low [30] . 2) Identification of homogenous reactions and implementation in the electrolyte balance, incorporates chemical (equilibrium) reactions into the electrolyte balance. This step makes the overall balance independent on whether chemical steps are incorporated in the half-reaction. That is illustrated in section S1 of the supporting information, where bicarbonate is assumed as reactant in the cathodic reaction instead of CO 2 and results are identical. 3) Limitations of the method should be identified, which can occur when e.g. a reactant reaches 100% conversion or a solubility limit is reached.
Application of the method to: cathode | CO 2 þ KHCO 3 | CEM |H 2 SO 4 | anode
The balances derived in the thought-experiment can be used to visualize the concentration of selected species and the consumption of CO 2 as reactions progress. To make this analysis independent of reactor type and size, we consider the charge that has been passed through a unit volume of electrolyte (Coulomb per litre) and define the electrochemical productivity (R) as such. For a batch reactor, the electrochemical productivity (R) in electrolyte j is defined in equation (13) . With this definition a reactor that contains 1 L catholyte and is operated at 10 A for 10 min, has the same electrochemical productivity as a reactor that e.g. contains 0.1 L catholyte and is operated at 2 A for 5 min. Furthermore, the electrochemical productivity is fully defined by parameters that can be measured and controlled ex-situ, which makes it useful for practical applications.
We consider an ideally stirred batch reactor with a control system to keep the gaseous CO 2 pressure at 1 bar in the catholyte. Initial conditions are: 1 M KHCO 3 catholyte and 1 M H 2 SO 4 anolyte. The change in catholyte composition is described by equations (6) and (11), for which the results are plotted in Figs. 4 and 5 (See supporting information section S2 for algebraic equations). The figures can be divided into two electrochemical productivity domains: domain I, from 0 to 193 kC per litre when there is bicarbonate present and domain II from 193 to 600 kC/L when all bicarbonate has reacted. This is illustrated in Fig. 4 . In domain I, bicarbonate is converted to formate as per equation (6), whereas in domain II, CO 2 is converted to formic acid as per equation (11). This is further illustrated by Fig. 5A , where CO 2 consumption starts from domain II. Catholyte compositions and pH change continuously with time in the batch system considered.
The same system was also modelled using acid-base equilibrium calculations in the catholyte (Supporting information section S3). The results of this extended method are shown in Figs. S2A and S2B, Table 1 Algorithm for deriving a mass balance and assumptions for the simplified method.
Step
Assumptions in simplified method and resemble the simplified method results very closely, showing the strength of the simplified method. In supporting information section S4, the assumption that acid-base reaction proceed to 100% conversion is challenged, by assuming a hypothetical acid product with pK a 6.5. Even then, the simplified method provides a reasonable initial estimate, as illustrated by Fig. S3 . Unlike the simplified method, the extended model can also predict pH, which is shown in Fig. 5B for the thought-experiment. In domain I, the buffer effect of bicarbonate is clearly visible. When domain II is reached, pH drops as the reaction medium now resembles a formic acid/formate solution.
Figs. 4 and 5 are constructed for a hypothetical batch system, whereas an industrially relevant process will use a flow reactor. Such a process may show mixing behavior ranging between that of a plug flow reactor (PFR) to a continuous ideally stirred tank reactor (CSTR). For a CSTR it is shown in supporting information sections S5 and S6 that the steady state concentration follows equation (14) . The electrochemical productivity is defined in equation (15), based on the volumetric flow through the reactor. The transport number of ion i is defined in equation (16) and represents the fraction of the total ionic current, carried by species i. Equation (14) is a simplification of equation S22 (supporting information) and assumes constant density.
The terms f c i nF I , t i n zi and n c i are all dimensionless as shown in equations (17)e (19) . With the assumption of the simplified method, those terms are also constant and independent of mixing. E.g. for protons in the catholyte, equation (17) equals zero, as there is no exchange with the gas phase; equation (18) equals 2, as obtained from equation (4) and equation (19) equals À2, as obtained from equation (1). Since all parameters in equation (14) are independent of mixing, modelling yields results that are identical to those in Figs. 4 and 5A and B . Therefore, Figs. 4 and 5A and B also hold for CSTR behavior and visualize possible operating points for a CSTR with 1 M KHCO 3 þ CO 2 as catholyte feed.
With the assumption in Table 1 , the plug in a PFR, may be seen as a batch reactor moving through a tube. Therefore, Figs. 4 and 5A and B also hold for PFR behavior. More general, when the Faraday efficiency, t i and f c i I are independent of concentration, then the overall balance is not influenced by mixing behavior. In practical situations this could happen when the electrode reactions are highly selective and only one species can be transported through the membrane, for example in the case of PEM water electrolysis.
Examples where the transport of species through the membrane is a function of productivity are described in the supporting information. In those cases, t i is dependent on concentration, hence on Fig. 4 . Concentration of selected species in catholyte using the simplified method for system: [Cathode | CO2 þ KHCO3 | CEM |H2SO4 | Anode]. In the left domain, any formic acid produced via the cathodic reaction, reacts with bicarbonate to produce formate and release CO2, resulting in no net CO2 conversion. In the right domain, all bicarbonate is consumed and formic acid can be produced by overall conversion of CO2. the degree of mixing. Any attempt of modelling this type of electrolyzer would require a mathematic model that describes t i as a function of concentration. However, the simplified method will still provide a reasonable initial estimate of the overall balance, as is shown in supporting information section S4. For any production process, the concentration of products at the outlet of the reactor needs to be significant, to have meaningful production and allow for easy separation or storage. When the goal is to produce formate from bicarbonate, the reactor should be operated at the right-hand side of domain I. The electrolyte then closely resembles a formate solution with some bicarbonate, in at least a part of the reactor. When the goal is to produce formic acid from CO 2 , the reactor must be operated in domain II. The catholyte must then be formate/formic acid solution, without bicarbonate. Both industrially relevant electrolyte compositions are vastly different from the almost pure (potassium) bicarbonate solutions currently used in literature [4, 6, 11] . Promising electro-catalysts should be validated under industrially relevant conditions, therefore we propose more research in electrolytes that resemble the desired reactor output.
Application of the method to: cathode | CO 2 þ KHCO 3 | CEM | KOH | anode
To illustrate the importance of anolyte choice, the same thoughexperiment is performed, but the anolyte is changed from acidic (H 2 SO 4 ) to alkaline (KOH) [12e15], shown in Table 2 . As a result, the ionic species that is transported through the membrane changes from H þ to K þ (Supporting information section S1 for detailed description). The protons required in the cathodic reaction (1) are now not supplied via transfer across the membrane, but must be supplied from the catholyte. Half of the required protons are supplied via deprotonation of the produced formic acid and the other half via water dissociation to H þ and OH À . All hydroxide ions are consumed by a reaction with dissolved CO 2 , to produce HCO 3 À .
Resulting balances are shown as equations (20) e (22) . The use of an alkaline anolyte results in double the stoichiometric CO 2 consumption and two to one consumption of OH À . Hence, a simple change in anolyte can drastically alter the overall mass balance of an electrochemical system. Moreover, this system is not advised for the conversion of CO 2 to products, due to the inherent amount of side-products and excessive KOH consumption.
The concentration vs electrochemical productivity profiles for a reactor design with alkaline anolyte are shown in Fig. 6 . Results are for 1 M KHCO 3 þ CO 2 (g) catholyte and assuming KOH supply is not limiting at the anode. The K þ concentration rises in a two to 1 M ratio compared to formate, due to the transfer across the
Transfer of species i across the membrane ½mole=s Rate of cathodic reaction ½mole=s (18) Table 2 Mass balance results for CO2 electrolyzer with cation exchange membrane and alkaline anolyte.
Overall balance: membrane. The unwanted production of HCO 3 À is observed as a rise in concentration with electrochemical productivity. Because no reactant reaches 100% conversion, there is no separation of domains. A realistic operating point in this set-up would be at significant K þ and HCO 3 À concentrations, approaching the solubility limit of KHCO 3 . Formate concentration can therefore not exceed 0.96 mol/L for the feed considered. Concluding, changing something as seemingly meaningless as the anolyte in a CO 2 electroconversion system, can result in a drastic change in overall balances, electrolyte compositions, possible operating points and ultimately, reactor design feasibility.
Discussion
Out of many possible options for reactor operation for electrochemical CO 2 reduction to formic acid/formate, we analysed the two most obvious examples, both employing a CEM. Many other examples are analysed in the supporting information. All operation methods with a bicarbonate-based catholyte produce formate in the catholyte, due to an acid base reaction with formic acid. Reactor operation employing an AEM allows crossover of the negatively charged formate and reactor operation employing a CEM does not yield the desired overall balance. The use of a CEM with acidic anolyte results in the conversion of bicarbonate to formate and oxygen. The same reactor with alkaline anolyte, results in to conversion of CO 2 and OH À to bicarbonate, formate and oxygen. The latter operation method is the only one that allows CO 2 consumption and prevents product crossover. However, the consumption of 2:1 hydroxide to formate diminishes the economic potential of the process [18] . Therefore, scale-up attempts using these reactor operation methods [12e16] have a low likelihood of commercial development.
Commercially attractive electrochemical reduction of CO 2 to formate requires different catholyte from that described in the examples, to which our simplified method provides guidance. As shown with equations (11) and (12) , the acid-base reaction between HCOOH and HCO 3 À prevents the desired conversion. Therefore, a reactor with: 1) catholyte that does not participate in acidbase reactions with formic acid; 2) a cation exchange membrane and 3) acidic anolyte, results in the desired overall balance. E.g. Aqueous KCl or K 2 SO 4 electrolyte as described by Wu et al. [23] would result in overall conversion of CO 2 and water to formic acid and oxygen. The desired conversion may also be achieved by e.g. using two membranes, as demonstrated by Yang et al. [31] , using solid polymer electrolytes as demonstrated by Aeshala et al. [32] or using a bipolar membrane. In all cases, the catholyte differs significantly from the potassium bicarbonate electrolyte used in most electro-catalysis studies [4, 11] . Again, promising electrocatalysts for the CO2RR to formate should be studied at more industrially representative operating conditions. Conclusions drawn in sound electrocatalysis studies, using bicarbonate-based catholyte remain valid. However, when interpreting these results for further process development, it is important to consider the electrolyte condition under which these results were obtained. At high electrochemical productivity, the composition and pH of the electrolyte change, depending on reactor operation, as shown in Figs. 4e6. That likely influences the performance of the electrocatalysts, which is highly dependent on the composition and pH of the catholyte [33] . Moreover, the reversible cell potential, calculated via the Gibbs free energy of reaction is dependent on the overall cell balance. Therefore, the overall cell balance should be known, before energy efficiency can be calculated.
The opportunity to steer the overall conversion by selection of an electrolyte-membrane combination, opens new possibilities for electrochemical conversion systems. Even though bicarbonate is typically not considered to be the electrochemically active species [34, 35] , the overall conversion of bicarbonate is possible when using the CO2RR. In combination with a direct formate fuel cell, this could provide long-term energy storage in aqueous bicarbonate/ formate solution. The authors are currently working on this. The recent development of gas diffusion electrodes is relevant to such a system [36, 37] . Gas diffusion electrodes with CO 2 recycle could be utilised for superior current density, while reactor operation results in overall bicarbonate conversion.
The simplified mass balance analysis as presented in this publication is also of interest to other electrochemical processes using acid or alkaline gases, such as H 2 S or NH 3 , as an acid-base reactions may affect the overall balance. It may also be relevant to purposefully induce a homogenous reaction in the electrolyte, to free reactant or decrease the concentration of reaction products. In a real application, factors as product crossover, membrane selectivity and side-reactions influence the overall mass balance. The framework of the simplified method can be used to account for relevant non-idealities in more detailed modelling and provides a quick estimate of their possible effect on the mass balance.
Conclusion
We posed the question what the overall mass balance is for proposed electrochemical CO 2 to formic acid conversion systems using aqueous bicarbonate-based catholyte. Structured analysis shows that this is not a simple addition of the relevant halfreactions. Transport of species through ion-selective membranes and (homogenous) acid-base reactions, make the overall balance dependent on the combination of electrolytes and membrane. In all cases employing bicarbonate-based catholyte and a cation exchange membrane, the overall balance is not the conversion of CO 2 and water to formic acid and oxygen. With acidic anolyte, the supporting electrolyte (bicarbonate) is converted to formate and oxygen. With alkaline anolyte, CO 2 and OH À are converted to HCOO À , HCO 3 À and O 2 . Neither case has favorable economics for electrochemical CO 2 reduction. We show several examples of reactor operation that do result in the conversion of CO 2 to HCOOH and O 2 . The main requirements are that the catholyte may not participate in acid-base reactions with formic acid and that protons must be transferred via the membrane to the catholyte. In all cases, the reaction conditions differ vastly from the almost pure potassium bicarbonate electrolyte that is used in many catalysis-oriented studies. We propose that more research is conducted at conditions that are relevant to commercial application. To that end, we have provided a simplified method to estimate the overall mass balance and reaction conditions for electrochemical conversion systems in general and show its strength and limitations by several examples. Without the need for detailed calculations, our simplified method provides a good initial estimate of the overall balance and electrolyte composition. 
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